Introduction
It is well known that a steady detonation wave cannot be maintained in hydrogen-free CO-O2 mixtures and that the reaction of such mixtures are extremely sensitive to trace amounts of hydrogen or hydrogen compounds. Dixon and Walls [I] and Campbell and Woodhead [2] were probably the first to discover the strong effect of a very small amount of hydrogen on the detonability of CO-O 2 mixtures. They found that the addition ofabout 1% (by volume ) of hydrogen to the otherwise undetonahle CO-O 2 mixture would make it detonabl¢. Campbell and[ Woodhead also discovered the peculiar spinning propagation wave phenomena in such a mixture. Bone et al. [.3"] later noticed that the frequency of spin in such detonation waves is affected by the hydrogen concentration in the mixture. Since then, because of this heated Hz-CO-O2-Ar mixtures in the 0-0.43 % range of H2 concentration. They reported that at a temperature below about 2400°K the induction period generally decreased with increasing initial H2 concentration. They further suggested' that with hydrogen concentration larger than 0.43~o by volute,' the induction periods of H2-CO-O2 systems and H2-O2 systems would be comparable and independent of H 2 concentration. Later Brokaw [9] suggested ~. chemical scheme to explain the data of Myers et al. and estimated that their mixtures must have contained a mole fraction of 7 x 10 -6 to 3 x 10-5 water vapor.
The study of H2 effects on CO-O2 reaction in deflagrative combustion was started at the same time that such investigators as Dixon and Campbell studied the H 2 effects on detonations in CO-O2 mixtures. Buckler and Norrish [10] were the first to investigate systematically the effects of hydi'ogen concentration (up to 10 %) on the explosion limit in dry CO-O2 mixtures. Their experiments were conducted at low temperatures (below 565°C) and pressures (less than 125 mm Hg). They concluded that the catalytic effect of hydrogen in CO-O2 reactions could be described by introducing two extra chain-termination reactions of CO in addition t o the reaction mechanism of hydrogen and oxygen.
Lewis and Von Elbe [I l] suggested a kinetic mechanism to explain the water vapor-catalyzed CO-O2 reaction experiment performed by Hadman et al. [12] . They also suggested that the effects of water vapor and hydrogen on the CO-O2 reaction were the same. Thus, with a small modification of their H20-CO-O2 explosion limit mechanism, they derived a mechap.ism to describe Buckler and Norrish's experiment. Their mechanism was different from that of Buckler and Norrish in that Ithey included an ozone reaction which originated from their hydrogen-frec CO-O2 reaction mechanism. However, the role of ozone in the latter case has been questioned by Gordon and Knipe [13] P. L. Lu. E. K. Dabora. and J. A. Nieholls and Dickens et al. [14] on the grc~unds that it is too slow a mechanism to be important.
The two reaction mechanisms proposed by Lewis and Von Elhe [11] and by Buckle: and Norrish ~10], as well as a t~$.r~"6~e due to Miakoff and Tipper r!5],~which is similar to the B,cUer-Norrish mechanism except that it includes some additional elementary reactions, are examined in this paper for their applicability to the experimental explosion limit results of Hz-CO-O2 mixtures.
Explosion Limit Criterion
A stable detonation involves the coupling of a shock front and a rapid chemical reaction which releases heat to sustain the detonation. The unburned mixture, must be rapidly heated and compressed by the shock front to such a state that a very rapid reaction takes place close to the shock front. Belles [16] suggested that, in hydrogen-oxygen mixtures and other chain-branching reacting mixtures, the shocked but unreaeted gases in the detonation wave front must be in a state that satisfies the explosion limit requirement, which is predicted by the chemical reaction scheme of a given mixture composition. The shocked gas state depends on the shock wave strength (Mach number), initial pressure, temperature, and composition; hence the explosion condition may be expressed in terms of these variables. Therefore, for a given composition mixture and set of initial conditions, there is a critical shock strength above which a propagating detonation wave is expected. Detonation waves propagating at a Math number less than the critical wave strength will quench.
Belles's criterion extends the second explosion limit condition to higher pressure and temperature conditions than were previously accepted .Ill]. However, recent studies by Brokaw [17] , Voevodsky and Soloukhin [18] , and Dabora et al. [19] support the validity of Belles's assumption for hydrogen and oxygen mixtures. Brokaw calculated the ignition delay in the neighborhood of the lean limit of detonability of oxygen and hydrogen. His calculation indiea~.ed also that the second explosion limit contrition must be satisfied for a stable detonation m the hydrogen-oxygen system. Voevodsky and Soloukhin's experimental study of the shock ignition of hydrogen and oxygen also indicated that the second explosion limit predicted accurately the explosive ignition condition of the shocked mixture. Dabora 
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where the quantities in brackets are the species concentrations, and the k's are the reaction rate constants. Equation 3 is derived on the basis that the wall plays an important role in the destruction of HO2. However, in the time scale involved in the detonation experiments, HO2 can be considered unreaetive. By considering the HCO radical to be either unreaetive or rapidly reacting with 02 (reaction IXa), the steady-state approximation can be found to yield the following explosion limit :* 2k,
It is clear that the explosion limits expressed in Eqs. 2 and 4 reduce to the well-accepted explosion limit
* The authors are grateful to the reviewer for suggesting this argument to them. of the hydrogen-oxygen system when the CO concentration is negligible. This is true also of the explosion limit in Eq. 1 if reaction XX is to be neglected, as is presumably legitimate in the absence of CO [11] . In order to translate the explosion limit equations into functions of Mach number, the rate constants of the relevant reactions must be known. The rate constants used in this investigation were taken from Browne et al. [20] and are shown in Table 2 . If tliese values are substituted into the explosion limits, and the third-body concentrations, [M] , are expressed in terms of temperature and pressure by means of the perfect-gas law, the explosion limits of Eqs. 1,2, and 4 will be transformed, respectively, into It should be noted that the hydrogen-oxygen explosion limit, Eq. 5, becomes
In the above expressions, P is the pressure in atmospheres and f is the mole fraction, in particular, fM is the effective mole fraction of third bodies. For lack of better data, it is assumed that the efficiency of a given species is the same in all trimolecular reactions. Thus from (Ref. 11 ) fr,~ =fn~ + 0.35fo: + 0.77fco (15) The temperature and pressure are those of the shocked but unreacting gas behind the shock front. Here, on the basis of the work of Toennies and Green [21] and Patch [22] , one can assume that the unreacted gas after the shock is in the frozen state. Thus, for a given mixture at an initial temperature of 294°K and at a pressure of I atm (conditions used in this investigation), it is possible, by trial and error, to use the standard shock wave equations to find a "critical" Mach number, Me, satisfying any of the explosion limit expressions.
Experimental Method
The experimental method used in this investigation is the same as that of Dabora et al. [19] and is described in detail by Lu [23] . Irt brief, the technique is to let a well-establishe6 steady detonation wave, traveling in a rectangular tube, be exposed on one side to an inert gas. The dctonative mixture and the inert gas are separated by a thin film of negligible mechanical influence. A detonation thus processed usually slows down to a new steady velocity. The velocity decrement can be controlled by using suitable boundary gases and varying the detonation tube width. However, when the detonation velocity decreases beyond a critical limit, th¢ detonation wave quenches into a shock of continuously decreasing velocity. It is this critical velocity (and hence critical Mach number, Me) that is observed experimentally and compared with that obtained from Eqs. 6-8. In this investigation, the tube depth was 0.36 in. and the width was varied from 0.2 to 0.5 in. Several inert gases, such as nitrogen, argon, Freon 14, Freon 116 and Freon C-318, were us,~,~d as the boundary gas to achieve the desired relief effect. In general, heavier gases were used when the CO concentration in the detonative mixture was large. The overall composiition of the detonative mixture was stoichiometric, and the only variations therefore made were in the relative amounts of CO and H, used.
Experimental Results
The experimental critical Mach numbers wer~ determined for stoichiometric fuel-oxygen mi;~-tures. Four mixtures were used, namely, those with CO volumetric ratios in the fuel of 0, 15, 50, and 75 %. At the critical limit five runs were made for each mixture. In addition, runs with decreasing amounts of hydrogen were made, without subjecting the detonation wave to a gaseous boundary, in order to determine t;:e stoichiometric mixture with the minimum amount of hydrogen in which steady detonation waves can be made. This was determined to be a mixture w~th 1.5% H2 in the fuel.
The experimental results are shown in Fig. 1 , in which the average and the range for each , and the H2-O2 explosion limit (where CO is considered to participate as a third body) (Eqs. 5 and 14) . The difference between th~ C-J curve and each of the other curves marks the extent by which the Maeh number ct.n be reduced before quenching takes place. In expressions 1, 2, ',nd 4 the terms on the right-hand side are due to reactions considered important when CO is included in H:,O2 mixtures. The effects of these terms on the critical Mach number can he seen by comparing curves I, 2, and 3 with curve 4. It is clear that the CO reaction terms turn the Me curves upward and that the larger the effect, the earlier the upward turn starts.
In Fig. 1, curve 4 can immediately !Je dismissed, for it indicate:; th,'.,-t a pt're CO-O~ mixture can detonate, ~t cohclu.,ion ,:. ~,,trary te ~ur and other experimental finding,. Fhe othea curves, although pla~ ,i~-~!e, do no: seem to fit the quenching de'zor~ation results very well.
In view of the possible uncertainties in the rate constants, it was decided to vary these constants with the aim of bringing the resultant curves closer to the experimental results. First of all, no variation in the value of the ratio A/B was made, since a good agreem¢r,t with the 0~o CO mixture result is obtained by all of the explosion limit criteria. However, the values of C (Eq. II L D (Eq. 12), and E (Eq. 13) were varied as shown in Table 3 .
The best agreement with our data was found for curve 3-1-5, shown in Fig. 1 . lrt general, the other variations, although raising curves 1, 2, and 3, never resulted in curves approaching the agreement of curve 3-1-5. Furthermore, in some cases the resultant curves started intersecting the C-J curve at CO compositions below P~ L. Lu. E. K. Dabora, and J. A. Nicholls 98.5~o in the fuel, thus contradicting out experimental finding that detonation is possible in such a mixture.
It should be pointed out that the value of kg/k~ , from Table 2 is 1.59 x 10-ST TM, which, when multiplied by 5 (corresponding to multiplying E by 5) and evaluated at 800°K, results in a ratio of 0.134. This is close to the ratio of 0.17 found by Baldwin 1"25"1 in this temperature region, thus lending some justification to our choice of the factor 5.
Composition
Limits The above explosion limit criteria and their variations were tested for their applicability to the prediction of detonation compostion limits. One example will serve to indicate how this was done. Figure 2 shows the C-J detonation Math number of 80~'/o CO/(CO+H2) in various proportions with oxygen. On the same figure a plot of the critical Mach number corresponding to case I is shown. Thus the intersection point of these curves on the left-hand side indicates the lean limit, and that on the righthand side the rich limit. In general, the shapes of the C-J carves for various CO compositions in the fuel were close to each o'ther [23] , reflecting the fact that the heating values of CO and H2 are not too different from each other. The shape and the level of the Mc curves depended on the particular explosion limit criterion and the variation thereof. From many similar plots the results of both the lean and the rich limits were obtained; these are'shown in Table 3 . It can be seen that in general the addition of H 2 to CO-O2 mixtures widens the limits considerably. Such an effect, based on chemical kinetics grounds, was first pointed out by Belles and Ehlers [26] , using the Lewis and Von Elbe explosion limit. In order to complete the picture, we present in Fig. 3 the lean and rich limits corresponding to eases 1 and 3-1-5 and compare them with available experimental evidence on lean limits ~y Laffitte [6] and on rich limits as given in Re/'. 11. The dramatic effect of substituting CO 201 by H2 can clearly be seen in both cases. Case 1 (Lewis and Von Elbe) appears to give good *esults for both the lean and the rich limits, whereas case 3-1-5 shows good agreement on the lean-limit side but not as good on the richlimit side. 
Conclusions
On the basis of' our experimental data of critical detonation Maeh numbers together with the lean detonation limit, we conclude that the Minkoff and Tipper scheme resulting in the explosion limit expressed in Eq. 4 appears the best one examined when the rate variation 3-1-5 i's used. However, the rich' limit does not seem to be well predicted by this scheme. 
